Seventy-eight mutants of Penicillium chrysogenum strain NRRL 195 1, that were impaired in penicillin production, were isolated following treatment with various mutagens. Twelve that yielded about 10% of their parental penicillin titre were studied in detail. Analyses of heterozygous diploids formed between them revealed the existence of at least five complementation groups with respect to penicillin production -V, W, X, Y and Z. Most mutants belonged to group Y. A biochemical investigation of the intracellular peptides in strains representing the five groups demonstrated the absence of the tripeptide a-aminoadipoylcysteinyl-valine from mutants of groups X, Y and Z. Extracts of mutants of groups W, Y and Z were able to catalyse a penicillin acyl-exchange reaction, a mutant of group V showed only a trace of activity and a mutant from group X completely lacked this ability.
Seventy-eight mutants of Penicillium chrysogenum strain NRRL 195 1, that were impaired in penicillin production, were isolated following treatment with various mutagens. Twelve that yielded about 10% of their parental penicillin titre were studied in detail. Analyses of heterozygous diploids formed between them revealed the existence of at least five complementation groups with respect to penicillin production -V, W, X, Y and Z. Most mutants belonged to group Y. A biochemical investigation of the intracellular peptides in strains representing the five groups demonstrated the absence of the tripeptide a-aminoadipoylcysteinyl-valine from mutants of groups X, Y and Z. Extracts of mutants of groups W, Y and Z were able to catalyse a penicillin acyl-exchange reaction, a mutant of group V showed only a trace of activity and a mutant from group X completely lacked this ability.
I N T R O D U C T I O N
Caglioti & Sermonti (1956) and Sermonti (1956) isolated mutants of Penicillium clzrysogenum impaired in penicillin production. Complementation analysis with heterozygous diploids established the existence of two genetic loci. More recently, investigations of the genetics of penicillin production have been carried out in Aspergillus nidulans , and using mutants of this mould Edwards et al. (1974) showed the presence of four genetic loci affecting penicillin synthesis.
An elegant biochemical investigation of impaired mutants of P. chrysogenum by Nash et al. (1 974) established clear differences in their ability to synthesize possible intermediates in the penicillin pathway. Similar studies with mutants of Acremonium chrysogenum having no detectable cephalosporin C activity demonstrated the existence of two types of mutants, with or without the ability to elaborate the postulated intermediate a-aminoadipoylcysteinyl-valine (Lemke & Nash, 1972) . Fujisawa et al. (1 973, 1975 a, b) were able to separate cephalosporin C negative mutants into two biochemically distinct groups, both involved in the final steps of cephalosporin C biosynthesis.
The work described in this paper combined a genetic study of mutants of P. chrysogenunz impaired in penicillin production with biochemical investigations concerning the effect on the penicillin biosynthetic pathway of the altered genetic loci.
Isolation of mutants impaired in penicillin production. Following treatment to 1 % survival with FUV or 8MOP/NUV, or to 50% survival with EMS, individual colonies were sampled and their penicillin productivity tested by the rapid screening procedure described by Edwards et al. (1974) . Strains producing significantly less penicillin than their parents were then grown in submerged culture using 100ml shake flasks containing 18 ml FM, incubated at 25 "C on an orbital shaker with a 5 cm throw at 220 rev. min-1.
After 5 d the broths were filtered and assayed using the agar-well diffusion technique, with Bacillus siibtilis NCTC 8236 as the test organism, and the penicillin yields of the mutants were established accurately (Brownlee et al., 1949) . Those with about 10 % or less of the antibiotic-producing activity of their parents were designated Npe mutants. Isolation of heterozygous diploids. Heterozygous diploids were normally synthesized between strains carrying complementary auxotrophic and spore colour mutations, using methods based on those of Macdonald et al. (1963b) . Diploidy was confirmed by measurement of conidial diameters and haploidization of putative diploids with a benzimidazole fungicide (Edwards et al., 1975) .
Complementation analysis. ( i ) Co-synthesis.
Pairs of Npe strains were tested for co-synthesis of penicillin by growing them together (ii) Heterozygous diploids. All heterozygous diploids synthesized between complementary Npe mutants Examination of intracellular peptides by two-dimensional chromatography. ( i ) Extraction of intracellular peptides. Intracellular peptides were extracted by a method based on that of Arnstein et al. (1960) . Individual strains were grown in 16 250 ml shake flasks, each containing 50 ml FM, for 4 d. The mycelium from all the flasks was then combined to give a damp-dry weight of between 150 and 200 g and extracted three times with boiling aqueous ethanol. After centrifugation, the supernatant was reduced in volume and desalted on an Amberlite IR-220 (H+ form) column. The eluate was then freeze-dried.
(ii) Performic acid oxidation. Samples (100 mg) of the freeze-dried residues were dissolved in 0.2 ml 98 yo (w/v) formic acid and cooled in an ice-bath; 0.2 m13 yo (w/v) performic acid [9 m198 % (w/v) formic acid and 1.0 ml 30 % hydrogen peroxide left at room temperature for 2 h] was then added and the solution was left at 4 "C for 5 h. Then 10 vol. distilled water were added and the mixture was freeze-dried.
(iii) Electrophoresis and paper chromatography. Two-dimensional separations were performed on Whatman no. 1 paper using 7.5 mg of the performic acid-oxidized sample. Electrophoresis was carried out in pH 1.8 buffer [20% (w/v) acetic acid containing 2 % (w/v) formic acid] at 70 V cm-l as described by Smith et al. (1967) on an apparatus similar to that of Katz et al. (1959) . Paper chromatograms were run in butan-1-ol/acetic acid/water (4: 1 :4, by vol.) at room temperature for 18 h. Standards used were glutathione sulphonic acid, cysteic acid, penicillaminic acid and D-a-aminoadipoyl-L-cysteoyl-D-valine (ACV-SO,H), all kindly supplied by Professor E. P. Abraham (Sir William Dunn School of Pathology, University of Oxford). The chromatograms were visualized using a cadmium-ninhydrin reagent (Heilmann et al., 1957) .
(iv) Concentration of the sulphonic acids. When electrophoretic separation proved unsatisfactory due to a high concentration of non-performic acid oxidized material in the sample, a simple purification step was employed: 30 mg sample dissolved in 100 ml water was loaded on to a column (3 x 1 cm) of Dowex 50-X4 (Hf form) and then eluted with water. The sulphonic acids were released in the first 6 ml of eluate, achieving a 10-fold purification. in submerged, shaken cultures of FM.
were assayed for penicillin yield in shake flask cultures, mostly in quadruplicate. 
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Labelling o f the AC V-tripeptide with L-[ U-14C]va/ine. ( i ) Extraction of intracellular peptides. Mycelium grown in 50 ml of the chemically defined medium CDMP (without side-chain precursor) was washed three times in distilled water by resuspension and filtering, and then pressed dry between sheets of filter paper. A portion (2 g) of this mycelium was added to 38 ml of water in a 250 ml flask containing 5 pCi ~-[U-~~C]valine (270 mCi mmol-l; The Radiochemical Centre, Amersham) and incubated at 27 "C on an orbital shaker at 160 rev. min-l. Samples (0-25 ml) were taken after 1, 2, 5, 10 and 20 min, centrifuged briefly and 10 pl of the supernatant was removed for scintillation counting. When approximately 80% of the activity had been removed from the extracellular medium the contents of the flask were harvested by centrifuging at 3000 g for 10 min. The mycelial pellet was extracted by stirring with ice-cold 70 yo aqueous acetone in an ice bath for 15 min. The pellet was centrifuged as before for 10 rnin and the supernatant was subjected to rotary evaporation to remove the acetone prior to freeze drying.
(ii) Electrophoresis and paper chromatography. Two-dimensional separations were performed on Whatman no. 1 paper using 2-0 mg sample. Electrophoresis was carried out in pH 4.5 buffer (pyridine/glacial acetic acid/water; 5:7.5:2480, by vol.) at 70 V cm-l for 35 min. Paper chromatograms were run in the 'Lilly system' (propan-1-01-/pyridine/acetic acid/acetonitrile/water; 40: 30: 9: 40: 36, by vol. ; Nash et al., 1974) at 4 "C for 17 h. After separation, the chromatograms were visualized with ninhydrin reagent; the regions corresponding to ACV-tripeptide and 6-aminopenicillanic acid were cut out and their radioactivity was estimated by scintillation counting.
(iii) Separation of the sulphonic acids. A portion of the intracellular material was dissolved in 120 pl water and applied to paper as 12 x 10 pl aliquots. These were run in the 'Lilly system' (Nash et al., 1974) at room temperature for 5 h. The regions corresponding to the ACV-tripeptide, 6-aminopenicillanic acid and penicillin G were eluted and freeze-dried. The samples were then oxidized with performic acid in the normal way and freeze-dried. Each of these samples was dissolved in 20 pl water and applied to paper as 1 x 5 pl and 1 x 15 p1 aliquots; penicillaminic acid and ACV-S03H were included as standards. After electrophoresis at pH 1.8, 70 V cm-I for 2 h, the standards and the 5 pl sample strips were visualized using ninhydrin. The remaining 15 pl strips were cut into 1 cm lengths and the distribution of radioactivity was estimated by scintillation counting.
(iv) Stimulation of the penicillin biosynthetic pathway. To examine whether the addition of a-aminoadipic acid could stimulate the production of tripeptide in strains capable of elaborating this compound, preliminary experiments were conducted using a penicillin-producing strain, HP41 , and a range of a-aminoadipic acid concentrations. These experiments indicated that an approximately threefold improvement in labelling of the ACV-tripeptide could be achieved by preincubating the washed mycelium in a solution containing 0.5 mg a-aminoadipic acid ml-l.
Portions (2 g) of mycelium of mutant strains prepared in the normal way were resuspended in 38 ml water containing 0.5 mg a-aminoadipic acid ml-l and the flasks were shaken at 160 rev. min-l for 60 min before adding radioactive valine (5 pCi). Harvesting was carried out after 20 min and the intracellular material was extracted and examined as described above.
Identification of the ACV-like peptide.
(i) Method A . Intracellular material was obtained from strains grown in FM and oxidized with performic acid as described above. Samples were applied to Whatman no. 1 paper at 3 cm intervals, each spot containing 2.5 mg in 5 pl. Electrophoresis was carried out at 70 V cm-l in pH 1.8 buffer for 3 h. Strips were cut from the electrophoretogram corresponding to the two outer and the centre spots, and visualized using cadmium-ninhydrin reagent. The area corresponding to the ACV-complex was cut out, eluted with water, and the eluate (1 to 2 ml) was freeze-dried. The freeze-dried sample was hydrolysed with 6 M-HCl at 105 "C for 18 h in evacuated tubes. After opening, the tubes were placed in a vacuum desiccator. The sample was redissolved in 0-2 ml water and taken down to dryness twice before being analysed for amino acids.
(ii) Method B. Intracellular extracts were obtained after incorporation of radioactive valine as described above. The sample material was applied to Whatman no. 1 paper in 10 pi spots containing 1.0 mg extract.
Electrophoresis was carried out in pH 4.5 buffer at 70 V cm-l for 35 min. The region corresponding to ACV-tripeptide was eluted and freeze-dried. The material was then subjected to descending chromatography in the 'Lilly system' (Nash et al., 1974) at 4 "C for 17 h. A sample strip was removed and visualized with cadmium-ninhydrin reagent and the region corresponding to the tripeptide was eluted and freeze-dried.
To check the homogeneity of the sample, one-eighth of it was subjected to two-dimensional separation as before. This gave a single discrete ninhydrin-positive spot in the expected position. The remaining material was hydrolysed as described in method A.
(iii) Identijication of the amino acids. Samples of the hydrolysate corresponding to one-eighth of the total material were subjected to electrophoretic separation at pH 1.8, 70 V cm-l for 30 rnin and at pH 4.5, 70 V cm-I for 45 min. Appropriate amino acid standards were run with the sample. The remaining material was separated in an amino acid analyser. Determination of acyl-exchange activity. Individual strains were grown in four 250 ml shake flasks each containing 50 ml FM. After 4 d the mycelium was washed by filtration, bulked and resuspended in ice-cold buffer, pH 7.8 (0-2 M-NaCl. 0-2 M-Tris, 0.05 u-KH,PO,, 0-001 M-EDTA) as described by Gatenbeck & Brunsberg (1968) . The mycelium was then pressed dry between sheets of filter paper and ground in an ice-cold pestle and mortar for 10 min with half its weight of Celite. The paste was ground for a further Smin with 5 mMdithiothreitol in pH 7.8 buffer. The clear, pale yellow supernatant obtained after centrifugation at 4 "C and 3000 g for 20 min was used immediately for estimation of acyl-exchange activity.
The reaction mixture (final volume 6.0 ml) contained s5S-labelled penicillin G (500 units ml-l, 0.2 pci ml-I; kindly supplied by Glaxo Laboratories Ltd, Ulverston), penicillin V (500 units ml-I), 6-aminopenicillanic acid (0.01 m) and crude enzyme extract (5.0 ml). It was shaken at 220 rev. min-I at 25 "C. Samples of 10 pl were taken at 0, 0.5, 1.0 and 4.0 h and applied in duplicate to Whatman no. 1 paper strips [1.5 cm wide and pre-buffered at pH 5.5 with 10% (w/v) potassium citrate buffer]. A drop of Sudan 111 dissolved in ether was applied to each strip to facilitate visualization of the solvent front. The strips were subjected to descending chromatography at 23 "C for 2.5 h in an ether/water system based on that of Brewer &Johnson (1953) . [Preliminary experiments in which the strips were pre-buffered using solutions of pH 5.0, 5.5, 6.0 and 6-5 had indicated that pH 5.5 gave optimal separation of penicillin G and penicillin V with RF values of approximately 0.45 and 0.65, respectively.] After drying, one strip of each duplicate pair was placed on the surface of an agar assay plate seeded with Bacillus subtilis and incubated at 37 "C for 16 to 24 h, when the antibiotic inhibition could be clearly seen. The other strip was cut into 1 cm lengths and the distribution of radioactivity was determined by liquid scintillation counting.
R E S U L T S
Isolation of mutants impaired in penicillin yield A total of 78 mutants were isolated which elaborated 50%, or less, of the amount of penicillin produced by their parents. Care was taken to avoid isolating mutants which were morphologically abnormal, had additional auxotrophic requirements or were unable to elaborate the pigment chrysogenin. Twelve of these strains having penicillin yields of about 10% or less that of their parents were selected for further study; the derivation of these Npe mutants is shown in Table 1 .
Complementation of Npe strains
Co-synthesis. The 12 Npe mutants were co-fermented in all possible pairs. In no case did a mixed growth produce significantly more penicillin than either component strain grown alone.
Heterozygous diploids. Thirty-one diploids were synthesized between different Npe strains and tested for penicillin yield (Table 2 ). If a heterozygous diploid between two mutants had a penicillin yield close to that of the strains from which the mutants were derived then the mutations were assigned to different genetic loci; but if penicillin production was impaired, indicating non-complementation, both mutations were assigned to the same genetic locus. The penicillin titres of the heterozygous diploids were subject to a degree of biological variation, in addition to normal assay variation (Merrick & Caten, 1975) , which may have been due partly to the production of dominant or semi-dominant mutations impairing penicillin biosynthesis during the diploidization process (Macdonald et al., 1965; Macdonald, 1966) . In no instance was complementation inferred when a diploid synthesized less than four times the amount of penicillin of the highest-yielding component haploid. Eleven separate mutations were each assigned to one of four complementation groups: group V, npe-006; group W, npe-0010 npe-0052; group X, npe-0066; group Y, npe-004 npe-0013 npe-0019 npe-0055 npe-0061 npe-0067 npe-0068. Due to the similar genetic background of strains bearing mutations npe-006 and npe-001, it was not possible to test for complementation between them. However, they have been located on separate haploidization groups (I. D. Normansell, G. Holt & K. D. Macdonald, unpublished data) and thus a fifth complementation group, Z (represented by npe-OOI), has been recognized. HP78  HP78  HP78  HP78  HP78  HP8 1  HPS 1  HP8 1  HP83  HP83  HP83  HP87  HP87  HP87  HP90  HP90  HP90  HP96  HP96  HP96  HP96  HP96  HP96  HP 144  HP144  HP145  HP 145  HP 147  HP 147  HP 154  HPl54 Ti tre npe no.
(pg ml-l) HP 144  HP145  HP147  HP153  HP156  HP 144  HP153  HP156  HP144  HP153  HP156  HP144  HP153  HP156  HP 1 44  HP153  HP156  HP144  HP145  HP147  HP153  HP156  HP158  HP157  HP158  HP154  I33157  HP154  HP157  HP156 Radial colony growth rate and mycelial dry weight of strains representative of complem en tat ion groups Measurements of radial colony growth rate demonstrated that mutants from groups V, W, X and Y had similar growth rates to their parents. However, the sole representative of (group Z (npeZOO1) had a radial colony growth rate of approximately 50 % that of its parent.
The mycelial dry weights of five strains carrying npe mutations and their parents were measured following growth in triplicate in shake flasks. The results, expressed for each mutant as a percentage of its parent yield, were as follows: npeVO06 (90.3 & 11.2), npe WOO52 1 10.0 & 13-1), npeX0066 (66.0 rt 4.6), npeY0019 (1 13.5 & 8.5) and npeZ001 (96.3 & 6.4).
Dominance tests with npe mutations
In tests of dominance, the eight npe mutations tested (001, 006, 0010, 0019, 0052, 0066, 0067 and 0068), which included representatives of all five complementation groups, were found to be recessive.
Examination of intracellular peptides by two-dimensional chromatographqi
A typical two-dimensional chromatogram from strain HP16 is shown in Fig. I ; the identity of a number of ninhydrin-positive spots was inferred by comparison with authentic samples. When strains producing ACV-tripeptide were mixed with the standard ACV-S03H prior to separation, only a single spot of ACV-S03H (Fig. 1, spot 5) was detected after separation. The four parent strains -HP15, HP16, HP20 and HP41and mutants representative of the five complementation groups -HP83 (npeV006), HP129 (npe W0052), HP149 (npeX0066), HP150 (npeY0067) and HP78 (npeZOO1)were analysed for the presence of intracellular ACV. Tripeptide was found in all parent strains and in Npe On: Sat, 22 Dec 2018 04:29:41
Mutants impaired in penicillin biosynthesis 119 mutants representing complementation groups V and W, but not in mutants from groups X, Y and Z. Penicillaminic acid (possibly derived from penicillin G, 6-aminopenicillanic acid or isopenicillin N ) was detected in all the parent strains tested and also in mutant HP83.
Labelling of the ACV-trljleptide with L-[ UJ*C] valine Electrophoresis and paper chromatography. At the loading used, ninhydrin-positive material was detected in the region corresponding to the ACV-tripeptide only in extracts from strain HP129 (npeW0052); however, the appropriate area of the chromatogram was removed in experiments with all mutants and subjected to scintillation counting. Typical results are shown in Table 3 . The incorporation of 14C into the ACV-tripeptide produced by mutant HP129 was consistently about 2.5 times higher than the incorporation achieved by wild-type strains. The representative of group V responded similarly to the wild-type strain HP41, whereas representatives of groups Y and X incorporated considerably less radioactivity.
Separation of the sulphonic acids. The intracellular extracts of selected strains were oxidized with performic acid and subjected to electrophoretic separation. Although the radioactivities were fairly low, the electrophoretograms for the two wild-type strains tested (HP16 and HP41) and representatives of groups V and W (HP83 and HP129) indicated significant incorporation of 14C in the region corresponding to ACV-S0,H. A mutant of group Y (HP96), however, showed no such incorporation. A more detailed investigation was conducted on strains treated with a-aminoadipic acid before incorporation of radioactive valine.
Stimulation of the penicillin biosynthetic pathway. Only three strains were used in this experiment: HP41 (a wild-type penicillin producer), and mutants HP83 (npeV006) and HP129 (npe W0052) ; the two mutants had previously been shown to produce tripeptide-like material. The radioactivity profiles are shown in Fig. 2 and the results are summarized in Table 4 . It can be seen that the incorporation of 14C into the ACV-tripeptide was highest in strain HP129, giving a level of radioactivity more than twice that of the wild-type and more than three times that of strain HP83. No labelled 6-aminopenicillanic acid was produced by strain HP129.
IdentiJication of the ACV-like peptide
All analyses showed trace amounts of serine, threonine and aspartic acid, but these were not thought to be significant.
Method A . Elution of the area corresponding to the tripeptide, following electrophoresis of an extract of strain HP41, showed the presence, after hydrolysis, of the amino acids cysteic acid, glycine, a-aminoadipic acid and valine, the last two being in the molar ratio 1 : 1. However, since only one-dimensional chromatography was used, the region corresponding (npeWOO52); ( d ) HP83 (npeVUO6) . The extracts were first run in the ' Lilly system', and then the areas corresponding to ACV-tripeptide and 6-aminopenicillanic acid were eluted, oxidized with performic acid and subjected to electrophoresis at pH 1.8 (see
Methods)
:---, radioactivity profile for ACV-tripeptide sample; -, radioactivity profile for 6-aminopenicillanic acid sample. Peaks I and I1 indicate ACV-SO,H and penicillaminic acid, respectively.
to the tripeptide may have been contaminated with other material. In subsequent experiments a two-dimensional separation procedure was employed in an attempt to overcome this problem. Method B. The tripeptide-like material obtained from an extract of strain HP129 (ripe W0052) was isolated following two-dimensional chromatography. The amino acid components of the hydrolysate were separated by electrophoresis at pH 1.8 and pH 4.5 Comparison with various standards indicated the presence of cysteic acid (oxidized during hydrolysis), valine, glycine, a-aminoadipic acid and glutamic acid. These results were confirmed by amino acid analysis ( Table 5) .
In a second experiment with an intracellular extract derived from strain HP129, the peptide was isolated as before after electrophoresis at pH 4-5 and chromatography in the 'Lilly system' (Nash et al., 1974) . When a sample of this material was subjected to twodimensional separation using the above systems, a single discrete spot was observed. The remaining material was oxidized with performic acid and a portion of the oxidized material was run at pH 1.8, 70 V cm-1 for 2.25 h followed by descending chromatography in butanol/acetic acid/water (4: 1 :4, by vol.) for 18 h. This procedure showed the presence of two components which, in a subsequent separation, co-chromatographed with glutathione sulphonic acid and ACV-S0,H.
Glutathione has a similar mobility to the tripeptide at pH 4.5, but it runs more slowly in the 'Lilly system'. It is thus possible that the ACV tripeptide-like spot was contaminated with glutathione, although this does not seem likely since the two-dimensional homogeneity check gave a single discrete spot. An alternative suggestion is that disulphide bonds might exist between glutathione and a tripeptide-like substance which remain intact at pH 4.5, but which, on performic acid oxidation, yield two sulphonic acid residues that are readily resolved by electrophoresis at pH 1 -8 followed by descending chromatography in bwtanol/ acetic acid/water (4 : 1 : 4, by vol.). Unfortunately, when the remaining material was hydrolysed and separated using the amino acid analyser, no measurable peaks were obtained. A comparison of the results obtained for strain HP41 (a penicillin producer) and strain HP129 (a penicillin non-producer) show a number of interesting features. In every analysis, valine, a-aminoadipic acid, cysteine (or cysteic acid) and glycine were present, the first two always in equimolar proportions and the last two at a higher concentration. For strain HP41, the analysis indicated the presence of only these four amino acids, though whether this peptide can be regarded as a simple tetrapeptide is open to question. Analysis of the extract from strain HP129 demonstrated the presence of a fifth amino acid, glutamic acid. The relative concentrations at which these residues were present do not suggest that a pentapeptide is the sole component of the isolated material. The possibility that a disulphide bond exists between ACV-like molecules and glutathione cannot be disregarded. Moreover, although the difference observed between strains HP41 and HP129 may reflect a real difference in the nature of their tripeptide-like material, the method by which the intracellular extracts were prepared and analysed was different and this may have affected the oxidation state of various compounds. It may also have influenced the nature and extent of contaminating substances.
Although these investigations have not demonstrated the existence of a simple ACVtripeptide, as was hoped, it seems likely that the material isolated is in some way involved in penicillin biosynthesis. Determination of acyl-exchange activity The strains assayed for acyl-exchange activity were five Npe mutants, representative of the five complementation groups, parental strain HP16 and strain WIS54-1255, which has a relatively high penicillin yield. Also included was auxotrophic strain HP74; this has a requirement for either lysine or a-aminoadipic acid and so is affected at a step in the lysine biosynthetic pathway prior to a-aminoadipic acid and thus incapable of elaborating wildtype quantities of penicillin (Goulden & Chattaway, 1968). The auxotroph was employed as a control, representing a non-producing strain, known not to have a defective acyltransferase. Another control included was an enzyme-free reaction mixture. The distribution of radioactivity between penicillin G and V after 60 min incubation was used as a measure of the acyl-exchanging ability of the strains (Table 6 ). No increase in the labelling of the penicillin V peak was observed after longer periods of incubation.
The results of the tripeptide and acyl-exchange investigations are summarized in Table 7 .
D I S C U S S I O N
Relationships between secondary metabolite production and growth morphology have been reported on several occasions (Alikhanian et al., 1959; Blumauerova et al., 1969; Ditchburn et al., 1976; Simpson, 1977) . Therefore the effect of changes in colonial morphology on the production of penicillin cannot be ignored. However, in our initial study, morphological mutants, possibly having mutations with pleiotropic effects on antibiotic production, were ignored in the hope of selecting only those mutants impaired in penicillin (Erickson & Bennett, 1965) . More recently, Spencer & Muang (1970) purified this acylase and demonstrated that it possessed four distinct activitiespenicillin acyl-exchange, penicillin acyltransferase, penicillin acylase and phenylacetyl-CoA hydrolase. The four activities were inseparable by their techniques, had the same pH optimum, were thiol-dependent and were produced at the same growth stage. The authors concluded that the four activities were possessed by a single enzyme. The ability of extracts of P. clwysugeiium to acylate 6-aminopenicillanic acid has been recognized by a number of workers (Brunner et al., 1968; Spencer, 1968; Gatenbeck & Brunsberg, 1968; Pruess & Johnson, 1967) . Peterson & Wideburg (1960) showed that acyl-exchange reactions could take place between penicillin V and 35S-labelled penicillin G in cell-free extracts. These results were confirmed by Pruess & Johnson (1967) who observed exchange only when thiol compounds were present. The activity was optimal at pH 8-0 and was stimulated by the addition of 6-aminopenicillanic acid. This exchange activity may be regarded as a fifth activity of the enzyme described by Spencer & Muang (1970) . Demain (1974) favours this view.
A comparison of enzyme activities in different strains of P. chrysogenum showed that the wild-type strain NRRL 1951 possessed about one-twentieth of the activity (per g dry wt) of WIS51-20F3, a highly developed mutant yielding 200 times more penicillin than NRRL 1951 (Pruess & Johnson, 1967) . In our experiments the exchange reaction with WIS54-1255 went virtually to completion within 60 min, whereas the penicillin-producing derivative of NRRL 1951, strain HP16, only achieved approximately 8 % conversion ( Table 6 ). It is interesting that two mutants, representatives of group Y, were more efficient at performing the exchange reaction than strain HP16.
Members of groups V and W, which appear to be capable of producing ACV-tripeptide but not penicillin, could be blocked either at some stage in the cyclization of the nucleus or in the acyltransferase terminal reactions. The discovery that strain HP83 (ripe V006) possessed only a trace of acyl-exchange activity suggested that this strain was a low penicillin producer because it synthesized either less of the wild-type enzyme or a defective enzyme. Since this enzyme was reported to accept a fairly wide range of substrates it might tolerate a limited amount of change without losing activity completely. A member of group W, however, possessed almost full acyl-exchange activity and may therefore be blocked between the tripeptide and isopenicillin N or 6-aminopenicillanic acid. It remains to be established which of the last two compounds is the immediate precursor of penicillin, Further work is in progress to establish whether mutants of groups V and W produce isopenicillin N.
Members of complementation groups X, Y and Z appear not to be capable of tripeptide synthesis. Mutants of groups Y and Z produce an acyl-exchange enzyme whereas a mutant representative of group X had neither the tripeptide-like material nor acyl-exchange activity. The significance of the changes in growth characteristics in mutants of groups Z and X (reduced radial colony growth rate and reduced mycelial dry weight, respectively) is unclear.
Investigations of mutants impaired in the production of secondary metabolites can provide valuable information on biosynthetic pathways and regulation. This, in turn, can lead to a more rational approach to screening for improved mutants (Demain, 1973) .
The present work has revealed the existence of five loci concerned with penicillin biosynthesis. Biochemical analysis has provided information on the nature of the mutations and these studies provide a basis for future investigations of the genetic regulation of penicillin biosynthesis.
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